ABSTRACT 3-D printing is used to fabricate mold for micro-structuring the polydimethylsiloxane (PDMS) elastomeric dielectric layer in capacitive flexible pressure sensors. It is shown that, despite of the limited resolution of the used commercial 3-D printer for producing the mold, the fabricated sensor with the micro-structured PDMS layers can achieve sensitivity higher than previous work using micro-fabricated silicon wafer molds. The devices also present very low detection limit, fast response/recovery speed, excellent durability and good tolerance to variations of ambient temperature and humidity, which enables to reliably monitor weak human physiological signals in real time. As an application example, the flexible pressure sensor is integrated in a wearable system to monitor wrist pulse.
I. INTRODUCTION
Flexible pressure sensors, capable of being directly attached on the skin surface for real-time monitoring of diverse human physiological signals and body motions, have attracted wide research interests for potential applications in wearable healthcare and patient rehabilitation [1] - [3] . The capacitive pressure sensor with a polydimethylsiloxane (PDMS) elastomeric dielectric layer sandwiched between two flexible electrodes is a popular solution for its simple structure, ease of processing, low voltage operation and biomedical compliance with human tissues [4] , [5] . When an external pressure is applied to the sensors, the induced deformation of the PDMS dielectric layer causes changes of the capacitance to measure the applied force. However, the PDMS dielectric layer is not able to produce enough deformation upon very small pressure to obtain detectable capacitance change [6] . As a result, the fabricated sensors are not applicable for reliable sensing of weak physiological signals such as wrist pulse. Moreover, the visco-elastic behavior of unstructured PDMS thin film might cause slow relaxation time after removal of the pressure load [7] , which is an issue for real-time applications.
To address these issues, different micro-structured PDMS films were made, with formed air voids inside the film to reduce elastic resistance and also induce additional change of the effective dielectric constant of the dielectric layer under compression [8] , [9] . The fabricated pressure sensors using structured PDMS layers presented much improved sensitivity in the low pressure regime and also fast response time [9] . Among different micro-structuring approaches, the most straightforward one is using a prefabricated mold. Silicon wafer molds were fabricated to obtain different well defined geometries for optimal sensor design [7] . However, they require expensive and complicated photolithography and chemical etching processes, and are thus challenging for low cost large area manufacturing.
Three-dimensional (3D) digital printing has recently been popularly used for rapid prototyping, and would be an alternative choice to replace photolithography for low cost and 2168-6734 c 2017 IEEE. Translations and content mining are permitted for academic research only.
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convenient mold fabrication to be used for producing PDMS based large area pressure sensors. However, the common commercial 3D printers can only print features with resolution down to several hundred microns. In this work, the mold was designed to maximize the air void ratio in the micro-structured flexible PDMS films, while considering the limited resolution with the used commercial 3D printer. With a new structure design laminating two microstructured PDMS films, the fabricated sensor device achieves sensitivity higher than previous work using micro-fabricated silicon wafer molds. The device also presents very low detection limit, excellent durability, and fast response/recovery speed, and can thus be used to reliably monitor weak human physiological signals in real time.
II. EXPERIMENTAL
The fabrication of the mold, the micro-structured PDMS film and the pressure sensor is depicted in Fig. 1 . Firstly, a mold of 3 cm × 3 cm size with periodical micro-grooves on the surface was fabricated by a 3D printer (UP Plus 2 from Tiertime) using acrylonitrile butadiene styrene (ABS), as shown in Fig. 1 (a). ABS was melted at high temperature (270 • C) in the printer. The periodical micro-grooves are of 100 µm in depth and 150 µm in width with the period width of 400 µm. The micro-groove width is limited by the resolution of the used 3D printer. The period width is designed as large as possible for maximized air void ratio in the replicated PDMS film based on the mold. The printed mold was then washed by absolute ethanol and dried by a nitrogen gun. A 10:1 mixture of PDMS elastomer (Sylgard 184, Dow Corning) to cross-linker was prepared and stirred for 3 mins. The pre-pared mixture was casted on the fabricated mold and degassed in the vacuum chamber for 10 mins, followed by a curing process at 65 • C for 60 mins. The free-standing PDMS film with micro-structured surface was peeled off from the mold, and strengthened by another curing process at 100 • C for 60 mins. The photo image of the obtained micro-structured PDMS film is shown in Fig. 1 (b) with the surface image taken by scanning electron microscope (SEM). The formed periodical micro-strips on the surface have a width of about 129 µm and a period width of about 550 µm. The film was laminated onto an indium-tin oxide (ITO) coated poly (ethylene terephthalate) (PET) film, which was then cut into smaller pieces to be used for making the sensor device as illustrated in Fig. 1(c) , by laminating two pieces of PDMS/ITO/PET films face-to-face with the microstrip structures on two PDMS films perpendicularly crossing. Electrical contacts were made by attaching conductive copper tapes (3M 1811) onto the ITO electrodes. The photo image of the finished flexible sensor device is shown in Fig. 1(c) .
The capacitance changes of the pressure sensors upon applying and removing external pressure were characterized by a WK6500B impedance analyzer with 10 kHz and 1 V amplitude AC signals. Different weights were used to apply the external pressure, with a thin glass slide being placed on the surface of the sensor device. To apply the sensor for wearable wrist pulse real-time measurement, a data acquisition (DAQ) circuit board was designed, consisting a capacitance to digital convertor (AD7142), a 32-bit microcontroller (STM32F030, ST Microelectronics) and a Bluetooth module (BC-04-B, Cambridge Silicon Radio). The DAQ circuit board acquires the capacitance value from the connected sensor and converts it to a digital value with a sampling time of 3 ms processed by the microcontroller. The Bluetooth module is used to build wireless connections between the circuit board and a mobile phone. 
III. RESULTS AND DISCUSSIONS
The measured relative capacitance change ( C/C 0 ) as a function of the applied pressure (P) for the sensor device is shown in Fig. 2 . C 0 is the capacitance when no pressure is applied on the capacitance, and C is the measured capacitance change upon external applied pressure. C 0 for the fabricated sensor device in this work is measured to be 5.15 pF. The pressure sensitivity S is defined as S = δ( C/C 0 )/δP. It can be seen from Fig. 2 that the sensor exhibits a high sensitivity of 1.62 kPa −1 in the low pressure regime (<0.2 kPa), and a sensitivity of 0.05 kPa −1 in the high pressure regime (>1 kPa), respectively. For monitoring human physiological signals, the devices are operated in the low pressure regime. As compared in the inset of Fig. 2 , the achieved sensitivity in the low pressure regime with the device is higher than those of previous work using silicon molds made by micro-fabrication processes. Therefore, the device can reliably detect placement and removal of very small weight such as a rice grain (15 mg, correspond to the pressure of 3 Pa), as shown in Fig. 3(a) . The sensor also presents fast response and recovery in the millisecond range upon loading and unloading external pressure of different levels, as shown in Fig. 3 (a) and (b), which indicates its capability for real-time pressure monitoring applications.
As shown in Fig. 1(b) , the formed micro-strips on the PDMS surface have a width of about 129 µm and a period width of about 550 µm, resulting in a very high air void ratio of about 94% in the layer. When an external pressure is applied onto the fabricated sensor, the high air void ratio will help to induce large deformation and change of the effective dielectric constant, and in turn large capacitance change for high sensitivity in the low pressure regime. The high air void ratio in the PDMS layer also helps to reduce the relaxation time after removal of the pressure load, and fast response can thus be achieved. In the structure, the micro-strip width can be further reduced by using a higher resolution 3D printer to fabricate the mold, so that the period width can be decreased while maintaining the similar air void ratio.
For practical use, a pressure sensor has to maintain its performance without fatigue failure for long time operation. The operational stability of the sensor was characterized by applying more than 1000 cycles of repeated loading/unloading a pressure of 1 kPa for 2500 s, as shown in Fig. 4(a) . The device presented excellent stability with very small C/C 0 variation less than 2% during the test. The response of the sensor upon different applied pressures with the ambient temperature and relative humidity varying was also characterized, as shown in Fig. 4(b) and (c), respectively. It can be seen that, upon lower pressure, the sensor response is more sensitive to temperature and relative humidity variations. the change to temperature in the body temperature range (35 • C-45 • C) is very small and will not affect the wearable applications. The sensitivity to humility is also not significant and can be further suppressed by applying suitable encapsulation to the device. Finally, as a practical application example for monitoring human physiological signals, the sensor was connected to the self-designed DAQ circuit board, which was powered by a 3.3 V voltage supply using a Li-ion battery and able to acquire the measured capacitance value from the connected sensor for further process, and send the data to a mobile phone wirelessly through the Bluetooth. As shown in Fig. 5(a) , the whole system was placed on the radial artery of wrist, and fixed by transparent adhesive tape. Wrist pulse contains vital information of human's health conditions, and is key indicator of arterial blood pressure and heart rate [11]- [13] . Continuous real-time monitoring of wrist pulse would thus provide a convenient and noninvasive way for diagnosing medical diagnosis [14] , [15] . The upper part of Fig. 5(b) shows the real-time measured relative capacitance change C/C 0 for the volunteer. The full wrist pulse contour can be clearly detected with the wearable sensor system, showing regular and repeatable pulse shape with a pulse frequency of about 79 beats/min. The lower part of Fig. 5(b) presents the details of the pulse wave in one period, which contains the percussion wave (P-wave), the tidal wave (T-wave), and the diastolic wave (D-wave). These three different parts are related to the systolic and diastolic blood pressure, the ventricular pressure, and the heart rate, respectively, and can provide important clinical information [2] . The results demonstrate the capability of the fabricated pressure sensor to be integrated in a wearable system for monitoring the weak human physiological signals in real-time.
IV. CONCLUSION
3D digital printing is used to fabricate the mold for micro-structuring the PDMS elastomeric dielectric layer in capacitive flexible pressure sensors. With a new structure design laminating two micro-structured PDMS layers, the fabricated sensor device achieves sensitivity higher than previous work using micro-fabricated silicon wafer molds. The device also presents very low detection limit, fast response/recovery speed, excellent durability and good tolerance to variations of ambient temperature and humidity. An application example of this sensor in a wearable system to sense wrist pulse demonstrates its capability for reliably monitoring weak human physiological signals in real time. Considering its low cost and short design-to-fabrication period, and the excellent device performance, 3D digital printing of mold structures would be a promising approach for fabricating wearable flexible sensors.
